Introduction: A strong family history of breast and/or ovarian cancer can often be explained by small insertions, deletions, or substitutions in BRCA1 or BRCA2 and large genomic rearrangements in BRCA1. However, there is little evidence that genomic rearrangements are a major factor in BRCA2 associated breast cancer and the frequencies of rearrangements in BRCA1 in large clinic based populations are unknown. Objective: To investigate the frequency of large genomic rearrangements in BRCA1 and BRCA2 in a large clinic based population at high risk of developing breast and/or ovarian cancer. Methods: Multiplex ligation dependent probe amplification was used to comprehensively screen BRCA1 and/or BRCA2 in 312 index cases. Results: Three novel deletions detected in BRCA2 were found exclusively in families with at least one case of male breast cancer. Novel rearrangements in BRCA1 were detected mostly in families with both breast and ovarian cancer. Families with these mutations were significantly younger at average age of cancer diagnosis. Conclusion: Screening for large genomic rearrangements in both BRCA1 and BRCA2 is strongly supported by this study, in particular in multiple case breast/ovarian families with a young age of onset (BRCA1) and families containing at least one case of male breast cancer (BRCA2).
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I
nheritance of a germline mutation in a cancer susceptibility gene accounts for 5-10% of all breast and ovarian cancer, and a higher proportion of cancers associated with a strong family history of the disease. From the initial linkage studies in the early 1990s it was predicted that mutations in BRCA1 and BRCA2 would account for a large proportion of multiple case families. 1 However, despite extensive mutation analysis, the rate of detection of mutations in these genes rarely rises above 30% in the family cancer clinical setting and has never reached the expected high frequency, even in families with multiple cases of the disease in successive generations. Until recently, the testing of BRCA1 and BRCA2 has been focussed on the identification of point mutations or small deletions and insertions. 2 Another mechanism of gene inactivation, namely the rearrangement of large tracts of genomic DNA, may be responsible for a proportion of the undetected mutations and many families previously found to be mutation negative might harbour hitherto undiscovered rearrangements. [3] [4] [5] Homologous recombination between repeated DNA sequences is believed to be a major cause of the genetic instability that results in genomic deletions, duplications, or other rearrangements. The high density of Alu repeat sequences in BRCA1 (42%) and both Alu (20%) and non-Alu (27%) repetitive DNA in BRCA2 supports the likelihood that these genes may be susceptible to inactivation by homologous recombination. 6 The first rearrangement described in BRCA1 was a 1 kb deletion that included the loss of exon 17. 7 Since that time, up to 30 different genomic rearrangements, both deletions and duplications, ranging in size from 510 bp to 37 kb, have been described throughout the BRCA1 gene. 3-5 8-11 The frequency of these rearrangements in families with strong family histories of breast and/or ovarian cancer ranges from 0.8% to 23%, with an average frequency of 6-7%. Despite the number of rearrangements detected to date, until recently the methods of detection were not capable of revealing all possible rearrangements. 3 4 8 12 Whilst the majority of the mutations are family specific, founder deletions have been identified in families of Dutch ancestry, and the duplication of BRCA1 exon 13 has been observed in multiple families. 5 13 Less is known of the extent to which large genomic rearrangements in BRCA2 contribute to the development of cancer. To date, approximately 300 families have been investigated in a limited number of studies and six genomic rearrangements have been detected in BRCA2. [14] [15] [16] [17] [18] [19] [20] Testing has primarily been by Southern analysis and only one recent study has used comprehensive screening methods capable detecting all large genomic rearrangements.
The prospect that some families, for whom mutation testing has so far yielded a negative result, may harbour large deletions and rearrangements provides a promising outlook for those engaged in clinical practice. If a causative mutation can be identified, then predictive testing can be performed to identify individuals who may benefit from increased surveillance, chemo-prevention, or prophylactic surgery aimed at minimising the risk of developing cancer. 21 However, as the majority of studies performed to date have focussed primarily on small populations of specific ethnicity and very few have utilised comprehensive screening methodologies aimed at detecting all rearrangements, it is important to ascertain whether the frequency of rearrangements is high enough in a large clinic based population to warrant routine testing of multiple case families. Thus, the aims of this study were to document the frequency of novel large genomic rearrangements in BRCA1 and BRCA2 in a large, clinic based cohort of families in whom no BRCA1/2 mutations had previously been detected, and to ascertain whether testing for such rearrangements should be included in routine testing.
METHODS
The DNA of index cases from 312 families identified through family cancer services throughout Australia and New Zealand (either enrolled in the kConFab study (www.kconfab.org) or seen at Westmead Hospital, Sydney) was examined for the presence of novel large genomic rearrangements in BRCA1 and/or BRCA2. These families generally have three or more family members affected by breast and/or ovarian cancer, or two or more with additional high risk features such as younger age at diagnosis (less than 40 years) or bilateral breast cancer. The majority of families analysed in this study had five or more individuals affected with either breast or ovarian cancer in the kindred (range, 2-14). All families were negative for mutations in BRCA1/2 after the screening of at least one family member.
All appropriate Institutional Research Ethics Committee approvals were obtained, in particular that of the host institution for the study, the Western Sydney Area Health Service Human Research Ethics Committee, Westmead, Australia. Ethical consent was obtained from all subjects included in the study.
Mutation analysis for novel large genomic rearrangements in BRCA1 and BRCA2 was performed by the multiplex ligation dependent probe amplification (MLPA) technique that allows for relative quantification of multiple DNA fragments in a single reaction. 22 The BRCA1 and BRCA2 MLPA kits (MRCHolland, Amsterdam, the Netherlands) and the protocol for the final assessment of allele dosage were used as described by the manufacturer (www.mrc-holland.com).
3 For all DNAs positive for a genomic rearrangement, testing was repeated on several occasions using independent DNA samples in independent assays. DNA sequence analysis of the appropriate ligation sites was performed for confirmation of any single exon deletions, to eliminate the possibility of an amplification artefact. Real time PCR amplification was employed to confirm differences between individuals with normal allele dosage and mutation positive individuals (data not shown).
Where RNA was available, RT-PCR and sequence analysis was performed to confirm any deletions, using the Titan one step PCR system (Roche Diagnostics Australia, NSW, Australia) (data not shown).
RESULTS AND DISCUSSION
BRCA1 MLPA analysis of genomic DNA from 271 affected individuals from families with a strong family history of breast and/or ovarian cancer resulted in the identification of six individuals with genomic rearrangements (2.2%) (table 1) including three novel large genomic deletions involving exons 21-23, exon 3, and exon 5. Any family previously shown to be positive for the common duplication of BRCA1 exon 13 was not included in the tested cohort and thus the true frequency of large genomic rearrangements in BRCA1 in families where there is a strong family history of breast and/ or ovarian cancer may be greater than the 2.2% reported in this study.
The deletion of exons 21, 22, and 23 of BRCA1 was detected in four independent families. This out-of-frame deletion is predicted to result in truncation of the BRCA1 protein at codon 1770. Haplotype analysis was performed for three of those families and there was no evidence of a shared haplotype. Thus, the repeated observation of this mutation is most likely due to local genomic instability in a region where there is a very high proportion of Alu sequence rather than the presence of a common founder mutation in the Australian population. By contrast, the lack of evidence for any involvement in Australian families of the BRCA1 mutations commonly observed in the Dutch population further supports the role of those particular mutations as unique founder mutations in families of Dutch ancestry. 5 The deletion of BRCA1 exon 5 was shown by PCR and sequence analysis of the cDNA to have resulted in the inframe deletion of the whole of exon 5 with a predicted loss of 26 amino acids from the translated protein. The out-of-frame deletion of exon 3 is predicted to result in a truncation at codon 27. Both deletions lie within the RING domain of BRCA1 and are likely to have a negative impact on the function of the protein. Investigations aimed at determining the genomic breakpoints for these mutations (and those described below) and the subsequent development of more simple PCR approaches for the detection of these deletions are on going within the respective clinical/laboratory units responsible for the families.
One of the strongest predictors of the likelihood of carrying a BRCA1 mutation is considered to be the occurrence of both breast and ovarian cancer in an individual within families possessing multiple cases of breast and/or ovarian cancer, and young age at breast cancer diagnosis. 11 23 In this study, whilst it is true that a greater proportion of the mutations in BRCA1 were observed in the families affected by both breast and ovarian cancer (4.8%) (table 1), compared with 1.1% in site specific breast cancer families, this difference did not reach significance (p = 0.08, Fisher's exact test) and only one of the four mutation positive individuals from a breast/ ovarian family was from a family in whom an individual was affected by both breast and ovarian cancer. There were 16 families that likewise had an individual affected by both breast and ovarian cancer where no mutation was detected, thus this phenotype was not a strong predictor of detecting a large genomic rearrangement in BRCA1 in previously mutation negative families. Furthermore, the presence of multiple primary breast cancers in an individual was also not predictive of a mutation in either BRCA1 or BRCA2.
The affected women carrying genomic rearrangements in BRCA1 were typically from families with a young average age of onset of cancer diagnosis in the family (43 years) that was significantly different from those families in the study in whom no genomic rearrangement could be detected (51.4 years) (p = 0.004, t test; p = 0.003, Mann-Whitney test). This observation may be clinically useful in directing the testing for BRCA1 large genomic rearrangements.
MLPA analysis of BRCA2 resulted in the identification of three individuals (2%) with novel genomic rearrangements in the 149 families with a strong family history of breast and/or ovarian cancer that were tested. These rearrangements involved a deletion of exons 14, 15, and 16 in one family and the deletion of exons 1 and 2 in two families. Only one of these two families was suitable for haplotype analysis and therefore at this time no conclusions can be drawn regarding the independent nature of this novel rearrangement. Real time PCR amplification was used to confirm the deletion in the 59 region of BRCA2 involving exons 1 and 2 (data not shown). The deletion of exons 14-16 is predicted to be an inframe deletion resulting in the loss of 266 codons in the translated protein. The contribution of large genomic rearrangements in BRCA2 to the spectrum of all BRCA2 mutations observed in the families seen at Westmead Hospital or enrolled in the kConFab study (www.kconfab.org) is 2.3%. This is in contrast to that observed for BRCA1, where 14.9% of all mutations observed in these families are large genomic rearrangements that include, but are not limited to, the duplication of exon 13 found in multiple families in addition to those rearrangements observed in this study. Thus, as predicted by the lower density of Alu repeat sequences in BRCA2, genomic rearrangements related to homologous recombination between Alu repeat sequences does not appear to be as common a mechanism of gene inactivation for BRCA2 as it is for BRCA1.
All individuals that were found to harbour a genomic rearrangement of BRCA2 were women affected by breast cancer and were members of families where a male relative was also affected by breast cancer. Three of 25 (12%) such male/female breast cancer families were found to be positive for a deletion. This was significantly different from the rates observed for site specific female breast cancer families (0/65) and families with breast and ovarian cancer histories (0/59) (p = 0.004, Fisher's exact test). Although the strongest predictor for the occurrence of a BRCA2 mutation in a family with a strong family history of breast and/or ovarian cancer is the presence of a male affected by breast cancer, 24 25 it is nonetheless interesting to note the lack of these mutations in the other categories of families. There was no significant difference in average age of onset of cancer in families positive for a BRCA2 mutation (47 years) compared with those with no detected BRCA2 mutation (51.5 years). The results of our study support those of a similar sized study recently reported by Tournier et al 20 and if borne out by testing a larger series of patients, may indicate a case for the triage of families for BRCA2 testing in clinical practice.
The functional consequences of the mutations observed in this study are not known and cannot be determined in the absence of functional assays for either BRCA1 or BRCA2. However, the rearrangements either include known functional regions of the genes (exons 3 and 5 of BRCA1 and the promoter region of BRCA2) or cover extensive regions of the genes (exons 21-23 of BRCA1, exons 14-16 of BRCA2) and thus it is likely that they are causative of cancer susceptibility in the families in whom they were identified. Furthermore, in segregation analyses, the mutations always co-segregated with breast and ovarian cancer in the mutation positive families and the mutations have not been observed in any normal control individuals tested.
In summary, in a large, clinic based cohort of breast/ ovarian cancer families, 2.2% and 2% of previously BRCA1/2 mutation negative families were found to carry a large genomic rearrangement in BRCA1 and BRCA2, respectively, using a comprehensive testing methodology. As a result of this study, screening for large genomic rearrangements in BRCA1/2 as part of a routine clinical, diagnostic service is highly recommended, especially in multiple case breast/ ovarian families with a young age of onset (BRCA1) and families containing at least one case of male breast cancer (BRCA2).
